Specific interactions between the nucleocapsid protein (N) and the phosphoprotein (P) of bovine respiratory syncytial virus (BRSV) have been investigated using a yeast-based two-hybrid system. Plasmids encoding the yeast GAL4 DNA binding domain fused with the N gene and GAL4 activation domain fused with the P gene were cotransfected into competent yeast cells. The ability of the N and P proteins to interact in vivo was measured by activation of the lacZ reporter gene by the GAL4 transactivation region. Results indicated that the N and P proteins interact very strongly in vivo. When interactions between N and various deletion mutants of the P protein were examined, an internal region (aa 132-168) and the highly acidic C-terminal region (aa 236-241) of the P protein were found to be essential for N-P interaction. In addition, the highly basic N-terminal region (amino acids 1--40) was found to be involved in N-P interaction to a lesser extent.
Respiratory syncytial virus (RSV), a pneumovirus of the family Paramyxoviridae, is an important viral agent responsible for respiratory tract disease in humans and cattle. Human RSV (HRSV) is the single most important respiratory virus affecting young children (Kim et al., 1973; Stott & Taylor, 1985) . Bovine RSV (BRSV) is also an important cause of respiratory tract disease in calves (Baker et al., 1986a, b) . HRSV and BRSV are similar in gene and protein composition and are antigenically related at the level of the F, M, N and P proteins (Lerch et al., 1989; Mallipeddi et al., 1990) , with the major antigenic differences between BRSV and HRSV being in the G protein (Lerch et at., 1989; Orvell et al., 1987; Taylor et al., 1984) .
The nucleocapsid core of the RSV consists of the negative-sense viral genomic RNA and the N, P and L proteins (Huang et al., 1985; Peeples & Levine, 1979; Wunner & Pringle, 1976) . The N protein tightly wraps the genomic RNA and is, therefore, present in large quantities. The P protein is the major RSV phosphorylated protein and is much less abundant. The L protein is the RNA-dependent RNA polymerase and is also a less abundant protein (Stec et al., 1991) . The nucleocapsid core of RSV is believed to contain the viral proteins necessary for replication and transcription of the viral genome (Barik, 1992) . During transcription, intergenic start/stop signals on the viral genome are recognized and ten capped and polyadenylated mRNAs are generated. On the other hand, replication generates encapsidated, full-length antigenomic RNA. The switch from transcription to replication is not fully understood. It is thought that the concentration of the N protein plays a role in switching from transcription to replication. However, a complete understanding of the transcription and replication will require knowledge about how different proteins of the polymerase complex interact with each other and with the genomic RNA.
We have previously used an in vitro protein-blotting protein-overlay technique to show the interaction of P and N proteins of BRSV (Samal et at., 1993) . A common criticism of in vitro protein interaction techniques is whether the protein complexes formed are a true representation of what happens in infected cells. To overcome this problem an in vivo two-hybrid system (a yeast-based genetic selection system) was developed by Fields & Song (1989) . This system is based on the presence of two physically separable domains in the GAL4 transcriptional activator. Transcription of a reporter gene, which contains upstream GAL4 binding sites, will indicate interaction between the two proteins. Recently, a variation of the two-hybrid system was used to show the interaction of the vesicular stomatitis virus (VSV) P protein with the N protein or L protein (Takacs et al., 1993; Takacs & Banerjee, 1995 Interaction between P and N proteins of BRSV using the two-hybrid system. Fourteen deletion mutants of the P gene of BRSV were generated. The region removed in each deletion mutant is indicated by a line and the name of each mutant is indicated to the left. The number of amino acid residues deleted in each mutant is indicated. The fl-galactosidase activity indicates the level of interaction between the N and P or various deletion mutants of the P proteins. The percentage interaction between the N and full-length P protein is set at 100 %. Values are the average of at least three independent experiments with the standard deviation indicated.
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the use of the original two-hybrid system to show the interaction of the P and N proteins of BRSV. Furthermore, we have used the two-hybrid system to map the domains on the P protein responsible for interaction with the N protein.
The Matchmaker two-hybrid system was used according to the manufacturer's instructions (Clontech). Two plasmids, pGBT9, which codes for the GAL4 DNA binding domain, and pGAD424, which codes for the activation domain of GAL4, were used. Full-length N gene of BRSV (strain A51908) was cloned at the EcoRI site of pGBT9 (pGBT9-N). Full-length and various deletion mutants of the P gene of BRSV were cloned at the EcoRI site of pGAD424 (Fig. 1) . N-and C-terminal deletion mutants of the P gene were constructed by PCR amplification using internal primers. Internal deletion mutants were generated by the overlap extension procedure using two-step PCR (Ho et al., 1989) . To rule out nucleotide misincorporation during PCR, all deletion mutants of the P gene were sequenced in their entirety. In addition, correct expression of each deletion mutant of the P gene was confirmed by in vitro translation using rabbit reticulocyte lysates (data not shown). Competent yeast cells (Saccharomyces cerevisiae strain SFY526) were cotransfected with pGBT9-N and pGAD424-P or with pGBT9-N and one of the P gene deletion mutants in pGAD424. Selection of recombinant yeast containing both plasmids was done based on their growth in selective media. Individual recombinant yeast colonies were assayed for activation of lacZ reporter gene using both filter and liquid assays. The fl-galactosidase filter assay is a qualitative method and allows determination of whether the two proteins are interacting in the recombinant yeast. The fl-galactosidase liquid assay is a quantitative assay and allows quantification of the level of interaction between the two proteins.
Transfection of yeast with plasmids pGBT9-N and pGAD424-P, resulted in a high level of fl-galactosidase activity (Fig. 1) . This data indicated that the N and P proteins strongly associate with each other resulting in the transcriptional activation of the lacZ reporter gene. The N-terminal ends of N and P proteins were fused to the GAL4 DNA binding domain and the GAL4 activation domain, respectively. However, the ability of N and P proteins to interact with each other did not seem to be affected by the fact that their N-terminal ends were not free. This result suggested that interaction between the N and P proteins does not need either of these proteins to have a free N-terminal end. One potential drawback in a two-hybrid system arises when the fusion proteins fail to localize to the nucleus. Since the fulllength N and P proteins localized efficiently in our assays, we believe that small mutations in the P protein may not have any effect on its nuclear localization.
In order to identify the domain(s) within the P protein necessary for N-P interaction, various deletion mutants spanning the entire coding region of the P protein were generated. These deletion mutant-coding sequences were fused to the coding sequence for the GAL4 activation region to determine which domains of the P protein are involved in associating with the N protein.
First, two large C-terminal deletions of the P protein (PC1 and PC2) lacking 102 and 39 amino acid residues were tested in the two-hybrid system. Both truncated P proteins did not bind to the N protein, indicating that the C terminus plays an important role in N-P binding (Fig.  1) . To define more precisely the C-terminal residues of the P protein involved in the association with the N protein, we constructed and tested three progressive Cterminal mutants of the P protein (PC3, PC4 and PC5) lacking 21, 11 and 6 amino acid residues, respectively (Fig. 1) . Our results showed that deletion of six amino acids at the C terminus of the P protein completely removed the ability to bind N protein (Fig. 1) . This indicated that the C-terminal six amino acid residues of the P protein are critical for N-P interaction. In order to determine whether the C terminus of the P protein alone is sufficient for interaction with the N protein, we constructed and tested a P deletion mutant (PN3) (Fig. 1) expressing only the C-terminal 36 amino acids (residues 206-241). As shown in Fig. 1 this mutant had no reporter gene activation indicating that the binding domain of the P protein (to the N protein) may be located elsewhere in the protein and the C-terminal acidic region may be required for correct protein conformation to expose the actual binding site. Similar observations were made by Takacs et al. (1993) who suggested that deletion of the Cterminal five amino acid residues of the N protein of vesicular stomatitis virus (VSV) resulted in the loss of N-P interaction owing to incorrect protein conformation. The serine residues at the C-terminal end of the P protein of HRSV have been shown to be critical for casein kinase II-mediated phosphorylation (S~inchez-Seco et al., 1995; Mazumder et al., 1994) . The P proteins of BRSV and HRSV contain a serine residue at position 237. Therefore, it is arguable that the absence of a phosphate group due to deletion of the C-terminal six amino acids could be responsible for loss of N-P interaction. However, when the serine at position 237 of P protein of HRSV was mutated to alanine, interaction between N and P proteins was not affected, indicating that phosphorylation at this site is not essential for N-P interaction (Mazumder & Batik, 1994) . P gene mutants containing N-terminal deletions of 19 and 40 amino acids (PN1 and PN2) were tested in the two-hybrid system. A lesser level of association of PN1 and PN2 with the N protein was observed as indicated by their reporter gene activities of 70 % and 65 % of wildtype P gene, respectively (Fig. 1) . These results indicated that an intact P protein is important for N-P interaction and that the basic N-terminal region of the P protein also plays a role in efficient N-P interaction.
In order to determine whether the internal regions of P protein play any role in N-P interaction, we constructed and tested four internal deletion mutants lacking amino acids 41 to 86 (PI1), amino acids 86 to 132 (PI2), amino acids 132 to 168 (PI3), and amino acids 169 to 208 (PI4) (Fig. 1) . Our results showed that deletion of amino acids 41 to 86, 86 to 132 or 169 to 208 within the P protein did not significantly alter N-P interaction (Fig.  1) . However, when amino acids 132 to 168 were deleted (PI3), the reporter gene activity was lost indicating that these amino acids may also be important for N-P interaction (Fig. 1) .
To confirm the findings obtained with the two-hybrid system, co-immunoprecipitation studies of in vitro translated N and P proteins using monospecific serum raised against baculovirus-expressed N protein were carried out. The results obtained with the co-immunoprecipitation studies were in agreement with those obtained with the two-hybrid system. However, some of the interactions between N protein and P protein deletion mutants could not be confirmed by co-immunoprecipitation due to co-migration of in vitro translated P protein deletion mutants and truncated in vitro translated products of the N protein (data not shown).
In conclusion, we have identified three regions of the P protein responsible for binding to the N protein in vivo: the highly basic N-terminal region (aa 1-40), internal region of P (aa 132-168), and the highly acidic Cterminal 6 residues (aa 236-241). Of these three regions, the major determinant for specific binding to the N protein is localized within the C-terminal six amino acids of the P protein In addition, we have shown the existence of an internal region in the P protein of BRSV required for N-P interaction. Whether any of these regions represent binding sites for interaction with the N protein or are important for maintaining the correct structure of the P protein is unknown. Recently, Gao & Lenard (1995) have shown that the active form of the P protein of VSV is a multimer. This polymerization may also take place in the P protein of RSV and deletion of the domains involved might have an influence on N-P interaction.
The present data on mapping the regions of the P protein involved in N-P interactions were obtained using a yeast-based two-hybrid system. These data probably reflect what occurs in virus-infected cells. However, it is arguable whether these interactions really occur in BRSV-infected cells. Therefore, additional studies may be necessary to confirm our findings in BRSV-infected cells.
